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Abstract
This article discusses the thermal technological processes occurring in petroleum coke calcination furnaces, as well as issues 

of causes of destruction of the refractory material of the calcination furnace lining. The survey showed that the main factors influ-
encing the duration of the work campaign of the lining are the temperature stresses that arise in the lining during sudden temperature 
changes during heating or cooling, as well as the chemical effect of the process material on the lining.

It was revealed that in the inlet zone, where the drying of technological raw materials is carried out, the wear of the lining oc-
curs evenly, and there is no significant damage. On thermal imaging images, this zone is displayed as uniform temperature fields on 
the outer surface of the furnace. In the calcination zone, the lining is characterized by the presence of main cracks that run along the 
seams. These cracks indicate the occurrence of significant thermal stresses when the furnace is heated. Work was done to determine 
the dependence of tensile strength on temperature, in the temperature range from 20 °C to 650 °C. Analysis of the results of deter-
mining the tensile strength showed a general tendency for it to increase with increasing temperature. This is explained by changes 
in the structure of the refractory material with increasing temperature and load. Taking into account the obtained dependence of the 
tensile strength on temperature allows one to adjust the heating schedules of the calcination furnace to reduce the temperature stress 
during the heating process.

Keywords: calcination furnace, refractories, temperature stresses, tensile strength, temperature regime, lining.

DOI: 10.21303/2461-4262.2024.003329

1. Introduction
Thermal technological processes in petroleum coke calcination furnaces are characterized 

by a great variety and complexity of thermophysical and thermochemical processes occurring with 
the participation of various types of fuel and raw materials in changing states of aggregation. This 
places high demands on all structural components, including the lining.

The lining of furnaces physically wears out most quickly, and its cost, as a rule, determines 
the duration of the overhaul campaign. Therefore, increasing the durability and reliability of the 
lining ensures an extension of the furnace’s overhaul operating period.
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In addition to the duration of the furnace operating campaign, the destruction of refrac-
tory materials affects the technological processes in the furnace itself. Due to a decrease in the 
thickness of the lining as a result of the destruction of refractories, heat losses to the environ-
ment increase. This leads to additional fuel and air consumption, and there may also be increased  
coke burn-off. Coke burn-off occurs due to a violation of the ratio of the lengths of the zones in 
the furnace and the combustion of calcined coke in the cooling zone of the material instead of the 
released volatile substances [1].

Consequently, the destruction of the lining refractories not only determines the time for 
major repairs of the furnace, but also affects fuel consumption and the quality of the resulting 
technological product.

In the paper [2], the authors note the relevance of thermal effects on the mechanical de-
struction of the lining when heated in a rotary kiln. At the same time, most research in this area is 
focused on the study of stationary operation conditions, despite the relevance of thermal effects on 
the mechanical stress state during heating process.

The relevance of the lining durability from the standpoint of the overall reliability of the 
operation of high-temperature units is noted in the articles [3–5]. The authors of these articles 
show that in many cases unscheduled furnace shutdowns are associated with damage to the lining. 
From the data presented by the authors, it follows that a significant part of the accidents of lined 
equipment occurs due to underestimation of the influence of non-stationary thermal processes on 
the strength characteristics of the refractory materials used.

 It is important to analyze the reasons that reduce the lining life of high-temperature units. 
Among the main factors influencing the reliability of the lining, it is worth noting the following. 
Firstly, these are temperature stresses that arise in the lining during sudden temperature changes 
during heating or cooling. The cause of temperature stresses exceeding the tensile strength of the 
refractory materials used may be:

– irrational launch schedules;
– use of heating schedules developed for one refractory material when heating another ma-

terial (for example, when replacing it);
– spillage of liquid fuel (fuel oil) on the lining due to unstable burner operation;
– malfunctions of measuring instruments and automation.
A number of works note that destruction due to the occurrence of thermal stresses of 

high-temperature units is the most common cause of destruction of linings [6, 7].
It is also worth noting the research results of the authors of the paper [8], which show that 

neither tensile nor compressive stresses of the brick lining had a destructive effect in a statio
nary mode. During the heating process, both compressive and tensile stresses exceeded permis
sible limits. Compressive forces during cooling of the lining according to the available schedule 
were classified as safe, and tensile stresses exceeded the permissible ones.

Another factor affecting the reliability of the lining is the chemical effect of the process 
material on the lining.

Meanwhile, in some works it is noted that the aggressive influence of the technological mate-
rial on the lining does not have a significant effect; nevertheless, the impregnation of the refractory 
material contributes to the formation of thermomechanical cracks. Thus, the authors of the paper [9] 
show that there is no significant thermochemical reaction between the refractory material and the 
process material. In fact, due to capillary action the melt penetrates into open pores to a depth of up 
to 5 mm. Beneath this infiltration zone, serious cracks are systematically seen in all types of bricks.

In a number of cases, a significant increase in the thermal conductivity of the layer reacting 
with the working medium was detected. At the same time, the impregnated part of the refractory is 
denser and stronger and has a higher thermal conductivity factor than the rest of the refractory. This 
is especially true when the slag penetrates into the refractory in the slag-line area [10].

The next factor is mechanical abrasion and the impact of the process material on the lining.
From the practical experience of operating the linings of the petroleum coke calcination 

units, it follows that the main causes of lining wear are related to mechanical and thermal, not 
chemical factors [11]. Lining wear also occurs as a result of dynamic loading, especially at the cold 
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end of the furnace, where moisture from continuously charged raw coke and frequent temperature 
fluctuations are observed. In the coke loading area, wear of the lining increases due to the impact 
and abrasive effects of fragments (up to 75 mm) of the loaded coke. But abrasive wear of the lining 
is a significant factor in only a small local area of the furnace.

There are a number of other factors that affect the durability of the linings of high-tempera-
ture units: the contact time of the technological material and the lining, the presence of a thermal 
insulation layer, etc. But these factors are relevant only for a part of high-temperature units and 
their impact is not decisive.

In this regard, it seems appropriate to present in this paper the results of the survey and ana
lysis of the resistance of the lining on the basis of studies of the wear mechanism of the refractory 
materials used under the influence of a high-temperature environment in real operating conditions 
of the installation.

2. Materials and Methods
2. 1. Installation inspection
The rotary kiln of a petroleum coke calcination plant was chosen as the object of study.
The calcination furnace consists of a metal body lined with refractory material inside. Con-

crete blocks with metal «tendrils» at the base are used as a refractory material, which are attached 
to the furnace body by welding in a row along the entire length of the furnace. The distance bet
ween the rows of blocks is filled with special heat-resistant concrete.

The diameter of the furnace is uneven along the entire length, on the material loading side 
at a distance of 7.5 linear meters, the diameter is 3.75 m, along the remaining length of the fur-
nace 3.47 m. This design solution was made to reduce the speed of exhaust gases and reduce dust 
removal from the furnace.

The technical characteristics of the furnace are given in Table 1:

Table 1
Technical characteristics of the furnace

Diameter, m 3.750–3.470
Length, m 65

Angle of inclination, percentage of length, degree 4
Furnace speed on the main drive, rpm 1.5

Capacity for calcined petroleum coke, t/hour 15.26
Capacity for green petroleum coke, t/hour 20

Coke calcination temperature, °C 1250–1350

Petroleum coke calcination is the process of heating crude petroleum coke to a temperature 
of 1250–1350 °C. Coke calcination is carried out in a rotary kiln lined with mullite-silica refractory 
materials (Al2O3 = 58 %, SiO2 = 34 %). The lining is designed to protect the metal body of the fur-
nace from exposure to high temperatures and reduce heat losses to the environment. 

Due to the physical and chemical processes occurring with the raw material, there is an 
improvement in the consumer properties of coke.

After evaporation of moisture and removal of volatile components, the coke is heated to 1350 °C. 
At the same time, its molecular structure takes on a more organized form with a clear crystal lattice. 
The main purpose of the calcination process is to improve the physical and chemical properties of 
the coke, such as electrical conductivity, true density, oxidizability and reactivity.

During transportation, the coke is exposed to high temperatures. The heat required for heat-
ing and calcining the coke is provided by the combustion of the fuel, as well as by the volatiles 
contained in the crude petroleum coke and coke dust. Temperature control in the calcination unit is 
carried out by means of thermocouples installed at the loading end of the furnace, at the unloading 
end of the furnace, in the calcination zone, as well as by an infrared pyrometer installed at the un-
loading end of the calcination unit.
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The boundaries and length of the zones in the furnace depend on the fractional composition 
of the raw materials, moisture content and volatile substances, and may also vary depending on 
the discharge and volume of the supplied air, the amount of fuel and the speed of rotation of the 
calcining furnace and the amount of material fed into the furnace.

The quality of the finished product depends on the length of the calcination zone, the tem-
perature in the furnace and the residence time of the material in it. The productivity of the furnace 
is determined by the ratio of the parameters of the rotation speed of the furnace, the volume of 
feedstock and temperature, which together make it possible to obtain the calcined coke that meets 
the requirements of a true density of 2.03–2.09 g/cm3.

The service life of petroleum coke calcination furnaces is largely determined by the service 
life of the lining. During operation of the furnace, the thickness of this protective layer constantly 
decreases, which is a consequence of several influences. Firstly, refractories are exposed to the cor-
rosive factor of an aggressive (as a rule) environment, which the refractories hold in a given volume. 
Secondly, the destruction of the lining occurs due to the «chipping» of pieces of refractories. The 
cause of chipping is the formation of microcracks in the material, which later turn into more no-
ticeable damage. The physical and physicochemical phenomena occurring in the masonry and af-
fecting it are complex, interconnected and interdependent. This makes it difficult to interpret full-
scale experiments, their theoretical description and, consequently, improve the output parameters 
of processes and their controllability [12].

According to the data [12], an analysis of refractory wear and failures in a rotary kiln alone 
shows that about 35 % of the problems are related to thermochemical causes, 28 % – to thermome-
chanical causes, 19 % – to thermal overload, 3 % – to redox reactions and another 15 % – to reasons 
other than those mentioned here.

When analyzing the state of the lining of a petroleum coke calcination furnace, it is ne
cessary to conditionally divide the operating period of the equipment into two components, since 
the nature of the destruction of the lining largely depends on these operating parameters. It is the 
operation in sharply unstableoperating environment, i. e. all start-up operations and the main cycle,  
when the furnace operates with relatively small fluctuations in the temperature environment.

Drying and heating of the lining is an integral part of the commissioning process of the 
calcination furnace. During the process of drying and heating, as the temperature rises, lining 
materials attain the basic refractory properties. These properties of the lining largely depend on the 
following factors: installation quality, characteristics of refractory materials, lining thickness, ad-
herence to the drying and heating schedule, as well as further operation (possible overheating, tem-
perature changes, adhesion of the raw material, thermal changes, abrasive and mechanical effects).

Drying and heating of the furnace lining is carried out according to a schedule developed, 
as a rule, by the enterprise itself, and during this period of lining heating, the rise in temperature 
should not allow the temperature rise rate to be higher than 5 °C/hour. It should be noted here that 
this speed limit is chosen from the experience of operating the equipment.

The furnace shutdown schedule is selected according to the recommendations of the refrac-
tory materials manufacturer. It is not at all related to the thermal conditions of the furnace at the 
time of shutdown, which can be either planned or emergency. In this case, the cooling rate of the 
furnace will certainly be accompanied by significant temperature changes.

The furnace inspection was carried out in two stages. At the first stage an analysis of the 
thermal operation of the calcination furnace was carried out using thermal imaging studies. For 
thermal imaging analysis, a Fluke Ti110 thermal imager was used. The second stage was a visual 
inspection of the inner surface of the furnace lining in order to identify damage.

The existing destruction of the lining is determined mainly by non-stationary thermal pro-
cesses. As a result of these processes, significant temperature stresses arise that exceed the strength 
characteristics of the refractory materials used. In this connection, there is a need for a more de-
tailed study of the influence of strength characteristics on the durability of the lining depending 
on the temperature of the working environment. Since with increasing temperature in some types 
of refractories, a transition from brittle deformations to the plastic region is possible, which can 
change the range of changes in the tensile strength of the materials used [13].
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2. 2. Determination of the dependence of the tensile strength of a refractory on temperature
To determine the dependence of the tensile strength of mullite-silica refractory brand  

SEVEN CAST 58 NM on temperature a special experimental stand was used [14].
According to the passport data of the manufacturer «Seven REFRACTORIES», the refrac-

tory has the following characteristics: сold crushing strength: 60 MPa; density: 2.46 g/cm3; tem-
perature coefficient of thermal expansion 0.3 %.

The cold crushing strength (CCS) values given in material manufacturers’ data sheets do not 
always correspond to actual values for the materials used. Room temperature measurements cannot 
be used directly to predict how a material will behave in service [15, 16].

It is of interest how these characteristics change during the operation of the furnace lining. 
For this purpose, samples of refractories that had been used inside the furnace were subjected to 
research. Bricks from the calcination zone after the kiln was taken out for repairs were taken as 
samples for the study. Determination of the tensile strength of samples of mullite-silica refractory 
materials was carried out in the range of operating temperatures of the lining: from 100 to 700 °C.

Samples for research were prepared according to the standard [17] in the form of a cube and 
had the following dimensions – the length of the side of the sample ranged from 30 to 50 mm. When 
placing the samples in the stand, they were subjected to simultaneous heating and compression.

When determining the tensile strength of refractories, the technique was used [17]. The 
samples were heated in an oven to the test temperature. They were then subjected to unilateral 
loading until failure. The maximum pressure recorded was the compressive strength.

3. Results and discussion
3. 1. Results of the analysis of the thermal performance of the furnace
In all zones, the temperature field on the surface of the furnace has characteristic features, 

somewhere relatively uniform (inlet zone, where technological raw materials are dried), which 
indicates uniform wear of the lining and the absence of significant damage. This entrance zone 
is displayed in thermal imaging images as uniform temperature fields on the outer surface of  
the furnace (Fig. 1).

Fig. 1. Thermal fields of the surface of the coke calcination furnace:  
a – thermal image of the outer surface of the calcination furnace; b – area of the surface  

of the calcination furnace; c – temperature scale of the thermal imaging image

There are zones with elevated temperature (15–20 °C above the average temperature), which 
are fixed in the area of the air supply tuyeres (Fig. 2).

Further examination of the inner surface of the calcination unit lining showed that in areas 
with elevated temperatures there are chips of refractory lining under the tuyere (Fig. 3).

The surface of the lining in the calcination zone is characterized by the presence of main 
cracks running along the seams. These cracks indicate the occurrence of significant thermal stres
ses when the furnace is heated (Fig. 4).
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Fig. 2. Zones of elevated temperatures in the tuyere area:  
a – thermal image of the outer surface of the calcination furnace; b – area of the surface  

of the calcination furnace; c – temperature scale of  
the thermal imaging image

Fig. 3. Chips of refractories under the tuyere

Fig. 4. The nature of lining destruction in the calcination zone
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The average impregnation thickness of refractories is 20–30 mm. The structure of the im-
pregnated part is dense and strong (Fig. 5):

Fig. 5. Fragment of a refractory brick

The results of examining the condition of the lining show that the refractories of the lining 
contain chips and cracks, the formation of which causes the destruction of the lining and the re-
moval of the furnace for repair. From photographs of the external surface of the furnace taken with  
a thermal imager, it is possible to assess the condition of the internal surface of the lining.

3. 2. Results of determining the tensile strength of mullite-silica refractory materials
The results of the studies are shown in Fig. 6:

Fig. 6. Dependence of refractory tensile strength on temperature

This study shows the results of five experiments to determine the tensile strength. The graph 
shows the average compressive strength values. The multi-colored marks on this graph correspond 
to each individual of the 4 experiments at the corresponding temperature value. The average value 
of the results of the experiments is connected by the indicated line.

The resulting graph shows that the value of the tensile strength in the entire temperature 
range under study (from 20 °C to 650 °C) is higher than under initial conditions, that is, at 20 °C.  
It follows from this that the tensile strength with increasing temperature is higher than under nor-
mal conditions.

The curve of the dependence of the ultimate strength on temperature has the following 
characteristic features: starting from a temperature of about 40 °C, the ultimate strength of the  
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refractory increases, reaching a value of 13.8 MPa (at a temperature of about 500 °C). Then the 
value of the tensile strength begins to decrease sharply, reaching 11.2 MPa (at 600 °C).

The chipping of the refractories of the lining under the tuyere (Fig. 3) is explained by the 
fact that in the area of the tuyeres the lining is not made of piece refractories, which during opera-
tion are sintered into a single monolith, but in a poured form. The poured lining has lower strength 
characteristics and, with a decrease in its thickness, there is a greater impact on the refractories 
bordering this zone, which causes their destruction.

Numerous chips at the joints of refractories are caused by clamping of bricks, which is 
associated with a violation of the temperature regime for calcining coke. The nature of the chips 
indicates the occurrence of significant tensile forces in the joining joints of the masonry [18].

The destruction of individual lining elements in the hot furnace head shows the result of the 
influence of several destruction mechanisms. Firstly, the presence of many small cracks is caused 
by temperature gradients as a consequence of violations of temperature conditions. Secondly, the 
presence of melted areas leads to peeling of the outer surface of the lining due to different thermo
physical properties of the main refractory and the impregnated layer. Thirdly, abrasive wear is 
observed, since destruction is caused by the abrasive action of the rolling technological product.

Analysis of the results obtained for determining the tensile strength showed a general ten-
dency for it to increase with increasing temperature. This is explained by changes in the structure 
of the refractory with increasing temperature and load.

Refractories at room temperature are characterized by brittle fracture. Within the limits of  
elastic deformation, Hooke’s law is applied to them. Their strength increases as the temperature 
increases due to changes occurring in the bond. At temperature increase, the binder (Al2O3) trans-
forms into a plastic state and the deformation mechanisms change from elastic to viscoplastic, 
which is accompanied by an increase in the tensile strength up to a temperature of 500 °C. Further 
heating reduces the ultimate compressive strength, which is due to an increase in the distances 
between atoms, the weakening of interatomic bonds and the formation of a liquid phase. The for-
mation of a liquid phase along the boundaries of the crystals and between the grains is the main 
factor in reducing the strength of the industrial group of refractories [19].

Fig. 7 shows the section of the refractory after its use in the calcination unit.

Fig. 7. Incision of a mullite-silica refractory after its use in the calcination unit A – SiO2 grains; 
B – Al2O3 binder; C – vitreous phase

Silicon oxide grains are represented by large particles, up to 7 mm in size. The intergranu-
lar space of aluminium oxide gives significant strength to refractories. In the intergranular space, 
a glassy phase can also be observed, the formation of which can be explained by the presence  
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of impurities TiO2, Fe2O3, CaO and MgO in the feedstock for the production of refractories [20]. 
The formation of a vitreous grain-boundary phase reduces the strength of the refractory material 
and the maximum temperature of use. 

Increasing the strength of refractories with increasing temperature shows that under certain 
conditions for heating the furnace, a more accelerated rate of maintaining the temperature graph 
can be used. It should be taken into account that the value of the compressive strength in the tem-
perature range up to 700 °C increases up to 38 %. In accordance with this, the increased strength of 
the refractory materials used allows the furnace heating process to be carried out at higher speeds. 
This is an additional reserve for increasing the rate of heating of the lining during startup opera-
tions, reducing the time and energy resources for heating the unit as a whole.

Analysis of the data obtained shows that after just a year of operation, the strength cha
racteristics of the refractory decrease by almost a third, from 60 MPa to 40 MPa. The nature 
of the destruction revealed during the inspection of the furnace indicates the presence of signi
ficant changes in the integrity of the lining. With further operation of the unit, this can lead  
to destruction of the lining, since the tensile strength of the refractory materials under study 
begins to drop sharply.

Consequently, in order to increase the operational period of calcination furnaces, it is ne
cessary to take into account the characteristic features of the behavior of refractories at elevated 
temperatures when developing start-up and stationary temperature schedules.

The results obtained allow their use only for high-temperature units whose lining contains 
the same material (Al2O3 = 58 %, SiO2 = 34 %). However, using the dependence of the tensile 
strength of various refractory materials on temperature makes it possible to adjust the heating rates 
of any high-temperature units containing the material under study in the lining.

Obtaining the specified dependence of the tensile strength on temperature is possible for 
any refractory materials in accordance with the methods [17].

4. Conclusions
Analysis of the condition of the lining of the petroleum coke calcination furnace showed that 

the nature of the damage is a consequence of the discrepancy between the strength characteristics 
of the refractories used and the thermal conditions of startup and stationary operating modes.

Studies of samples of refractory materials taken from the calcination zone showed an in-
crease in the tensile strength of mullite-silica refractories as a function of temperature by a signi
ficant amount. The resulting dependence is nonlinear in the range up to 700 °C.

The study was carried out in the temperature range of 20–650 °C, since according to lite
rature data [21, 22], it is in this range that changes occur in refractory materials that increase their 
thermomechanical characteristics.

The presence of a significant interval (from 20 °C to 650 °C) in which the tensile strength 
is higher than under initial conditions makes it possible to intensify the process of heating the fur-
nace at the initial stage, using the specific properties of these refractories. On the other hand, the 
dependence of the ultimate strength shows that the durability of the refractory lining drops sharply 
after a year of operation.

Consequently, it is necessary to make adjustments to the thermal schedules for maintaining 
startup and stationary modes, taking into account the dependence of the strength characteristics of 
the refractory materials used on the temperature and time of their operation.
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